The sequences of azurin and titin, sandwich proteins, are analyzed based on inter-residue average distance statistics. A kind of predicted contact map based on inter-residue average distance statistics (Average Distance Map, ADM) is used to pinpoint regions of possible compact regions for two proteins. We compare predicted compact regions with the positions of the residues with experimental high values for these proteins reported in the literature. The results reveal that the regions predicted by ADMs correspond to the positions of residues with the high value. Furthermore, we perform random sampling of 3D conformations using these protein sequences with a potential derived from inter-residue average distance statistics. It is demonstrated that the residues with highest contact frequency during the simulations qualitatively correspond to the residues with the highest values for these proteins. Importantly, analysis with inter-residue average distance statistics predicts the properties of folding processes of the sandwich proteins starting from only sequence information.
INTRODUCTION
One of the ultimate goals of molecular biophysics or bioinformatics is to elucidate how the principle of protein folding is encoded in amino acid sequences. However, it is quite difficult to understand relationships between sequences and 3D structures of proteins, partly because structures of proteins are conserved better than their sequences as observed in so-called superfolds [1] . Among the various protein folds, the 3D structures of proteins with the sandwich scaffold are rather complicated and the elucidation of the folding mechanisms is challenging [2] . Energetics of the sheet structures has been extensively studied by several authors [3] [4] [5] [6] [7] [8] [9] [10] . Recently, the regularity of sandwich structures has been clarified [11] [12] [13] and the relationship of the regularity in sandwich proteins and their folding mechanisms, has been recognized mainly through experimental value analyses. Portions with the regularity observed in sandwich structures are related to the segments containing the residues with high values, i.e., the segments involved in the folding mechanism. Thus, sandwich proteins are quite interesting for clarifying the relationship between 3D structures and sequences, and that is the reason why we treat sandwich proteins in this work.
We focus on how we can extract information about folding mechanisms from the sequences of sandwich proteins. In other words, the sequence specificity for the folding mechanisms of sandwich proteins is considered. In particular, azurin and titin are taken as sandwich proteins because *Address correspondence to this author at the Department of Bioinformatics, College of Life Sciences, Ritsumeikan University, 1-1-1 Nojihigashi, Kusatsu, Shiga 525-8577 Japan; Tel: +81-77-561-5909; Fax: +81-77-561-5203; E-mail: tkikuchi@sk.ritsumei.ac.jp detailed investigation of folding mechanisms, especially value analyses of azurin [14] [15] [16] [17] [18] [19] and titin [20] [21] [22] [23] [24] have been performed.
There are also several theoretical and simulation studies on folding of azurin and titin. Zong et al. [25] predicted values of some residues in apo-azurin theoretically using the variational free energy functional; compared with the experimental data, the theoretical values coincide well with those from experiment (correlation coefficient of 0.90). However, their technique requires the native structure of a protein and does not clarify the characteristics of a local sequence related to the folding properties of a protein.
In the present work, we try to analyze the sequences of azurin and titin with the average distance map method and with simulations employing an inter-residue potential derived from inter-residue average distance statistics. It should be emphasized that the present work focuses on how folding information can be decoded in the sequences of azurin and titin. We demonstrate that average distance maps provide information on folding properties of proteins without any other information beside amino acid sequences. Actually, it was observed that differences in folding processes of homologous proteins within a family reflect on their average distance maps for the lipid binding protein family [26] , the globin family [27] and the c-type lysozyme family [28] .
On the other hand, Baker and coworkers [29, 30] and other authors [31, 32] found a strong correlation between values of contact order and folding rates of proteins exhibiting two-state folding. These works tried to predict protein folding rates from only sequence information, but all techniques predict just folding rates but not details of folding processes from amino acid sequences. Hence, the methods proposed so far are those that possess the quantitative predictability of folding rates and mechanisms but need native structures, or those that require just amino acid sequences but can predict only folding rates. In this paper, we attempt to extract more detailed information of folding mechanisms from only amino acid sequences of proteins.
MATERIALS AND METHODS

Proteins Used in This Work
Proteins treated in this paper are azurin (PDB code:1azu) and titin (PDB code:1tit), which are sandwich proteins with the Greek key motif. The sequences with the indication Fig. (1) . Sequences of azurin (A) and titin (B) showing the positions of strands and helices. A symbol 'B' denotes an amino acid in a strand, and a symbol 'A' donotes an amino acid in an helix structure. A residue with # is involved in hydrophobic packing. 
Key Strands in the Sandwich Fold
Kister et al. [11] observed the regularity in the 3D structures of sandwich proteins. sandwich proteins always contain two interlocked pairs of neighboring strands; which are called key strands. We show the key strands in azurin and titin in Figs. (4A, B) according to the definition by Kister et al. [11] . The packing of hydrophobic residues in these strands is shown in Fig. (5) .
It is observed that these hydrophobic residues in the key strands are well-conserved among sandwich proteins [11] . The assignments of the positions of the secondary structures in the Protein Data Bank (www.rcsb.org/pdb/home/home.do) is used in this work. We define hydrophobic packing of residues when at least one of the heavy atoms in one residue is close to one of the heavy atoms in another residue within 5Å, and weak hydrophobic packing when these two atoms are within 8 Å.
Values of the Sandwich Proteins
The values for azurin reported by Chen et al. [19] , and those for titin by Fowler and Clarke [24] (under the condition of 1M GdmCl (guanidinium chloride)) are used in the present study.
Procedure of the Average Distance Map Method
The method used mainly in the present work is described in Kikuchi et al. [33] and let us give the brief procedure of the method. We refer this method as the Average Distance Map (ADM) method. The detailed procedure of the ADM method is described in Supplementary Material.
(1) Definition of Ranges by Separation Between Residues Along the Sequence of a Protein and the Calculations of Average Distances within Each Range
A range is defined as the length between two residues along a given sequence, and the average distances between C atoms of residues were calculated in each range using proteins with known structures. The details of the definition of range are described in Supplementary Material. A contact map is constructed by making a plot (i.e., defining a contact) on a map for a protein with unknown 3D structure, if the average distance of a pair of residues in a range defined above is less than a cutoff value determined by the method described in the following way.
(2) Definition of Cutoff Distances for Construction of ADM
A cutoff distance value for the construction of ADM of a given sequence is defined in each range so that the contact density of the whole real distance map (RDM) of the protein is reproduced 25 . The RDM for a contact map is constructed based on the actual 3D structure. In the present study, a contact on the RDM is defined as an inter-residue C atomic distance less than 15 Å.
(3) Definition of Compact Regions
A compact region can be defined as a region of high density contacts along the diagonal of a map. The strength of the compactness of a compact region is measured by the value. The details are described in Supplementary Material.
The region with the highest value can be defined as the maximum of a compact region. Other regions with high values can also be regarded as smaller compact regions [33] .
Inter-Residue Potential Based on Average Distance Statistics
We define inter-residue effective potential based on average inter-residue distance statistics used to construct an ADM [34, 35] .
(1) Model of a Protein
A protein is modeled such that each amino acid is represented by its C atom, whereas the detailed structure of each residue is ignored. Each peptide bond is represented as a virtual bond with the length of 3.8 Å. That is, a protein is represented as a beads-on-a-string model. In this model, variable parameters are the bond angle and the dihedral angle as indicated in 
where r ij is the distance between C atoms of the residues i and j, and Z means the partition function. A and B are the residue types of i and j. k and T are the Boltzmann constant and temperature respectively. The constant terms in Eq. (2) can be regarded as the zero point. We put ij M (r ij ) = HC when r ij M r cut . We set r cut = 1.9 Å and HC = 50 kcal/mol. These values were obtained empirically [34, 36] .
(3) Simulation
Sampling of random structures with the above potential and the standard Metropolis Monte Carlo method was performed. Only the dihedral and bond angles are variable parameters. In a Monte Carlo simulation, each dihedral angle, , and bond angle, , of a residue was changed within -, followed by the Metropolis judgment [37] . is empirically fixed as 0.6, and the temperature parameter T was adjusted such that the acceptance ratio in the MC routine is around 0.5. In the present simulations, we set T = 300 and 210 for azurin and titin, respectively. This procedure was iterated for all residues. For a whole simulation, this routine is iterated 60000 times.
Definition of the Contact Frequency During a Simulation with the Present Effective Potential
During the simulations, we calculate the contact frequency, g(i, j), between a residue pair of the sequence, in other words, contact probability [36] . The contact is defined as a distance between C atoms of the residues i and j, r ij , shorter than a threshold, r c , i.e., r ij r c . The threshold is taken as 10 Å in this study. When G(i, j) values are calculated as the total number of contacts that a residue pair i and j forms during a simulation, g(i,j) is defined as G(i,j)/Nmc where Nmc is the total number of Monte Carlo iterations.
Then, a measure of high contact frequency is defined by Q(μ, ) in the following equation (|μ |=m).
where, N m is the total number of residues pairs with separation m = |i-j|.
p(μ) = Q(μ, ) expresses a residue with high contact frequency. This value is not exactly same but can be compared to an experimentally observed value of the residue μ. We run 10 simulations for each protein, and took average values of the 10 simulations.
RESULTS
ADM Analyses for Azurin and Titin
The (The detailed analyses of the ADM of azurin suggest that the two compact regions in this protein merge into one domain and the predicted compact region 57-86 in titin can be expanded to 8-86 as a domain according to the manner described in Supplementary Material and Ref. [33] .) It is interesting to note that the predicted regions 19-61 for azurin includes the first and second key strands (see Fig. (4A) ). In the same way, the predicted region 80-127 in azurin includes the third and fourth key strands (Fig. (4A) ). For titin, the predicted region 57-86 includes the third and fourth key strands (Fig. (4B) ). In both ADMs, the residues with the values (Fig. (7B) ). In the same way, the residues with av + s > av + 0.5s are 71-V and 75-A (see the broken arrows in Fig. (7B) ). Except for 23-I and 49-I, these residues are included in the predicted compact region 57-86. (Fig. (8A) ) and for titin (Fig. (8B) ) with bold lines and broken lines, respectively. As seen in Fig. (8) , the locations of the peaks of p(μ) profiles generally locate in the regions of secondary structures. It is noted that the peaks of the values also appear on the secondary structures. That is, the maxima of the p(μ) plots qualitatively correspond to those of the plots in terms of secondary structures. (We disregard the profiles of p(μ) values at N and C terminal 5 residues because these parts might behave rather randomly and it might be difficult to extract the physical meaning from these profiles.) The most interesting results are that the highest peak of p(μ) values for azurin are 49-V and that of values is 50-L, i.e., very close, and that for titin the highest peak of the p(μ) values is at 58-L and that one of the highest peaks in the profile of values at 58-L, i.e., exactly the same position.
p(μ) Value Analysis
The locations of the key strands are compared with the region containing the residues with the high values and that with the highest p(μ) values for azurin and titin respectively. As mentioned above, the residues with high values are 31-V, 33-L in the 3th strand ( 3) and 50-L in the 4 in azurin as shown in Fig. (8A) . 31-V and 33-L form hydrophobic packing with 48-W between 3 and 4 as shown in Fig.  (5A) . 50-L forms weak hydrophobic packing with 31-V. 97-F and 108-Y show a moderate magnitude of values (Fig.  (8A) ), and these residues are on the key strands 6 and 7 respectively forming weak hydrophobic packing (or these two residues interact via 102-L. see Fig. (5B) . On the other hand, residues with high p(μ) values with >Average + 0.5s are in the region of 40-63. (In the present case, Average + 0.5s 0. see the figure legend of Fig. (8A) ), and this region contains 4 and helix ( 1). As seen above, the residues with the highest p(μ) is 49-V that correspond very well to 50-L with the highest value. It should be noted that the p(μ) profile in Fig. (8A) shows the small peaks at the 29-F and 33-L, and these residues are almost same as the high value residues in 4 and 5, i.e., 31-V and 33-L. The p(μ) profile also shows a peak at 81-I, and there is a peak in the values at this residue.
For titin, the experimentally observed residues with the high values are 23-I, 49-I, 58-L, 60-L, and 73-F as shown in Fig. (8B) . These residues are in the key strands 6 and 7, and 58-L and 60-L also form the hydrophobic packing with 71-V in 6 and 7 as shown in Fig. (5D) . Furthermore, a peak at 23-I of the value profile (also on the key strand 3) and 23-I is involved in the hydrophobic packing between 3 and 4 as seen in Fig. (5C) . On the other hand, residues with p(μ) values >Average+0.5s are 54-70 (Also in the present case, Average + 0.5s 0. see the figure legend of Fig. (8A) as in Fig. (8B) corresponding to the residues with high values and the interlocked pairs in key strands. This region contains 6 and a part of 7. The p(μ) profile also shows a peak at 47-C which is also very close to 49-I at which the profile denotes a peak.
p(μ) Values Fixing the Regions Predicted by ADMs to the Native 3D Structures
In the present study, the positions of the compact regions predicted by ADMs correspond to the folding transition structure forming region for the sandwich proteins. Therefore, we are interested in how p(μ) values of each protein vary if the 3D structures of the predicted compact regions are fixed to the native structure. We also fix the 3D structures of the regular secondary structures to the native structure.
For azurin, we fixed the 3D structure of the region 19 -61 and the conformations of the regions of all helices and strands ( 1, 3 and 4). (Two regions are predicted by the ADM, i.e., 19 -61 and 80 -127. The value of 80 -127 is greater than that of 19 -61; however, the highest peak is located in 19 -61. This is a controversial result. In the present study, we take 19 -61 to be fixed.) Then we performed the same calculations for p(μ) values. The result is shown in Fig. (9A) .
The region with the broken line of the p(μ) profile in the figure denotes the region with fixed 3D native structure, and we mainly focus on change in the rest of the profile. A residue number underlined in the figure denotes a high value that we wish to focus on. The peaks of the p(μ) profile in 6 and 7 become higher compared with the profile in Fig.  (8A) , and the general tendency is getting closer to the profile. 6 and 7 form key strands, and this result suggests the participation of 6 and 7 with the folding consistent with the observation of the key strands. That is, this result suggests that 3 and 4 interacts with 6 and 7during the folding as long range interactions.
For titin, we fixed the 3D structure of the region 57-89 (predicted subdomain + C terminal two residues) and the conformations of all strands ( 6, 7 and 8) to the native structures. The simulation result is shown in Fig. (9B) . The remarkable property is that the p(μ) values in the 3 region became higher compared with the profile in Fig. (8B) suggesting the participation of 3 in the folding; the correspond- Fig. (9) . Plots of p(μ) values for azurin (A) and titin (B) fixing the 3D structures of the compact regions predicted by ADMs (p(μ) profiles of these parts are drawn as broken lines in the figures) and the regular secondary structures to the native structures. An underlined residue name calls attention to the location of a peak in the profiles. profiles are indicated by filled diamonds and solid lines. 
B
ing peak of the new p(μ) plot is 21-F which is close to 23-I which is a peak of the profile. 3 constitutes a key strand. Again, the long range interactions between 6-8 and 3 are suggested in the folding of this protein.
For both azurin and titin, the positions of the new peaks appearing in Figs. (9A and B) are within three residues of the peaks observed in the experimental profiles.
DISCUSSION
For the sandwich proteins treated in this study, azurin and titin, the ADMs predict the location of subdomains that include the residues with high values. These results mean that the regions in the sequences encode information on structure formation of these proteins are detected by ADMs.
Furthermore, the highest peak of the p(μ) plots corresponds well to that of the plots in the present cases. Therefore, a p(μ) plot specifies the location of the more significant areas in the region predicted by ADM. The whole profile of a p(μ) plot is not necessary to resemble to that of the corresponding plot. The most important point is the location of peaks. These results also mean that the average distance statistics contain information about initial 3D structure forming regions, i.e., folding sites. Thus, it is possible to specify which secondary structure elements are involved in the early folding event based on the knowledge of the location of secondary structures.
For example, let us suppose that we do not know the 3D structure and the secondary structures of azurin. Our ADM analysis predicts the compact regions 19-61 ( = 0.202) and 80-127 ( = 0.355) (Fig. (7A) ). These two regions can be candidates for regions involved in structural formation. Although from the value the region 80-127 is plausible to be compact during the early stage of folding, the p(μ) analysis predicts the region 44-59 to be a highly contacted region (Fig. (8A) ). The knowledge of the location of the secondary structures allows us to predict that the 4 and a helix mainly pack as suggested from Fig. (8A) . Furthermore, within the region 19-61, a peak of the p(μ) plot appears at 3. These observations lead us to predict that 3 and 4 pack together hydrophobically. These tentative predictions are consistent with the results of value and key strands analyses. A similar consideration can be applied to titin. From the sequence of titin, we predicted that the region 57 -86 forms a compact region during a relatively early stage of folding (Fig. (7B) ), and within this region, the segment 57 -69 would be deeply involved in the folding (Fig. (8B) ). If we know the location of strands, it is also predictable that 6 and 7 pack together hydrophobically during folding (Fig. (8B) ).
Furthermore, our method can specify the hydrophobic residues forming packing pairs in key strands. We observed that such a hydrophobic residue possessing a high value is also located within a few residues from those with a high p(μ) value as indicated in Fig. (8) . Inversely, the hydrophobic residues in the segment with the highest p(μ) value can be considered as residues capable of forming packing pairs in a sandwich protein.
Thus, the indices derived from average distance statistics correspond well to folding properties including folding transition states. It is remarkable that average distance statistics reflect some properties of the folding transition state of a protein, although average distance statistics probably include properties of a denatured conformation ensemble of a protein near the folding transition state. It should be emphasized again that the predictions based on ADMs and p(μ) values have been done without any 3D structure information.
As learned from Fig. (9) , we can further predict a detailed folding mechanism if we fix the 3D structure of a predicted folding site and regular secondary regions to the native structure. That is, the main feature of the p(μ) profile becomes closer to the profile. In other words, a simulation with fixed partial structures reflects the folding process consistent with the folding transition state suggested from the value analyses. In particular, it is interesting that the peaks of the p(μ) profile within the segments corresponding to the key strands are getting higher, and thus key strands involved in folding are predictable from the present method. Thus, our method has potential to predict the location of the whole folding transition state area in a protein if we have knowledge of the partial 3D structure of a transition structure formation region.
The next interesting problem is whether the 3D structure of such a compact region in folding can be modeled. At least, for sandwich proteins, 3D structures of transition Titin 57 B state formation areas might be similar. As an attempt, we compare the 3D structures between 29-52 corresponding to the packing pair of 3 and 4 in azurin and 18-36 corresponding to the packing pair of 3 and 4 in titin, and the region 91-128 of azurin containing the C-terminal 3 strands within the predicted compact region 80-129 by the ADM and the region 57-89 predicted as a compact region by the ADM for titin. Illustrations of superposed structures are presented in Figs. (10A and B) .
The alignments were performed so that the positions of the hydrophobic residues forming the interlocked pairs and secondary regions are superposed. The rmsd values of the C atoms are 2.72 Å and 4.08 Å, respectively, in the former superposition and in the latter. Thus, these rmsd values suggest that it is possible to model the 3D structure of the transition structure formation region of a sandwich protein from an appropriate template structure.
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